Some animal studies and some human studies suggest that exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) may be associated with adverse effects on the cardiovascular system. As part of a cross-sectional medical study comparing workers employed 15 years earlier in the manufacture of 2,4,5-trichlorophenol or one of its derivatives at two U.S. chemical plants with an unexposed comparison group, we examined the association between TCDD exposure and various cardiovascular outcomes. A total of 281 workers and 260 unexposed referents participated. The workers had substantial exposure to TCDD, as demonstrated by significantly elevated mean serum TCDD concentration of 220 pg/g of lipid, compared with 7 pg/g of lipid among the referents. No significant association was found between TCDD exposure and any of the cardiovascular outcomes including myocardial infarction, angina, cardiac arrhythmias, hypertension, and abnormal peripheral arterial flow. Although our study had sufficient statistical power to detect an elevated risk for cardiac arrhythmias, hypertension, and abnormal peripheral arterial flow, it had low power (approximately 50%) to detect an elevated risk for myocardial infarction and angina. Our review of the literature suggests that our negative findings are consistent with those from other cross-sectional medical studies. Although several mortality studies of TCDD-exposed cohorts found significantly increased risks for cardiovascular disease mortality, similar increased risks were not observed in other mortality studies. The data available do not provide definitive conclusions but indicate that further examination of the association between TCDD exposure and cardiovascular disease should be pursued.
Introduction
Dioxins are produced as unwanted continues to be widespread. Among the contaminants during the combustion or health concerns is cardiovascular toxicity. production of chlorinated compounds.
Animal studies indicate that exposure to 2,3,7,8-Tetrachlorodibenzo-p-dioxin high doses of TCDD can produce effects (TCDD) is considered the most toxic of the on the cardiovascular system. These effects dioxin congeners. Concern about the toxic-include ventricular dilatation (1) , cardiac ity of this and other dioxinlike congeners edema (1,2), valvulitis (2), myocardial Abbreviations used: 2,4,5-T, 2,4,5-trichlorophenoxyacetic acid; APAF, abnormal peripheral arterial flow; BMI, body mass index; Cl, confidence interval; ECG, electrocardiogram; HDL, high-density lipoprotein; ICD-9, International Classification of Disease, 9th revision; mm Hg, millimeters of mercury; OR, odds ratio; RR, risk ratio; SE, standard error; SMR, standardized mortality ratio; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin TCP, 2,4,5-trichlorophenol. degeneration (3) , preatherosclerotic lesions in the aorta (4) , and altered cardiac contractility (5) (6) (7) (8) .
Evidence for TCDD effects on the cardiovascular system in humans is conflicting. Case reports of TCDD-exposed individuals have described myocarditis (9) , myocardial infarctions (10, 11) , ectasia of the coronary arteries (12) , and rapidly progressive atherosclerosis (13, 14) . Four mortality studies of TCDD-exposed cohorts reported significantly elevated risks for cardiovascular disease mortality (15) (16) (17) (18) , whereas several others have not observed such elevations (19) (20) (21) (22) . Although several cross-sectional medical studies have also examined the association between TCDD exposure and effects on the cardiovascular system (23) (24) (25) (26) (27) , statistically significant associations were found only in the study of U.S. Air Force Ranch Hand personnel responsible for spraying TCDD-contaminated Agent Orange in Vietnam (27) . The Ranch Hands Study found statistically significant associations between TCDD exposure and peripheral pulse abnormalities of several arteries, medical record-verified hypertension, and one type of electrocardiogram (ECG) abnormality. In addition, findings from cross-sectional medical studies suggest that TCDD exposure may be associated with several risk factors for cardiovascular disease, including disorders of lipid metabolism (27) (28) (29) , and glucose intolerance (30) .
In this paper we report the cardiovascular findings from the largest cross-sectional morbidity study of TCDD-exposed industrial workers. These workers formerly were involved in production of 2,4,5-trichlorophenol (TCP) or one of its derivatives. Data were collected and analyzed to determine if TCDD exposure is associated with an increased risk for myocardial infarction, angina, cardiac arrhythmia, hypertension, and abnormal peripheral arterial flow.
Materials and Methods
In 1987, a cross-sectional medical study was undertaken to examine the long-term health effects of occupational exposure to chemicals and materials contaminated with TCDD. Details of the study design have been previously described (31) . In summary, this study compared living individuals (workers) employed more than 15 (17) . Among the personnel in the Ranch Hands Study, the nonflying enlisted personnel had the highest current serum dioxin concentrations (27) .
Another mortality study of a TCDDexposed cohort found an increased risk for cardiovascular disease (15) . Bertazzi (17) , the suggestion that stress was responsible for the Seveso findings needs to be reconsidered.
Several mortality studies of TCDDexposed occupational cohorts did not find a significantly elevated risk for cardiovascular disease (19) (20) (21) (22) . However, comparison of findings across studies is difficult because of lack of consistency in the types of cardiovascular diseases that were reported. Furthermore, some of these studies are limited by small sample size (19, 20) and lack of detailed exposureresponse analyses (20, 22) . On the other hand, it should be noted that the SMRs for cardiovascular disease approached or exceeded 1 .00 in many of these studies (19, 21, 22) , suggesting the absence of a healthy worker effect. Because employed workers are healthier than the general population, the SMR for cardiovascular disease in employed populations is generally lower than 1 (38, 39) , although this differential disappears with longer follow up (39) . The absence of a healthy worker effect in these TCDD-exposed cohorts may suggest a possible association between TCDD exposure and cardiovascular disease.
Several cross-sectional medical studies have also examined the association between TCDD exposure and effects on the cardiovascular system (23) (24) (25) (26) (27) . Statistically significant associations were found only in the U.S. Air Force Ranch Hands Study (27) . Although the overall conclusion from the study was that there was no apparent association between cardiovascular disease and TCDD exposure, an elevated risk was observed for peripheral pulse abnormalities of four leg arteries, medical record-verified hypertension, and nonspecific ST-and Twave changes on ECG. It should be noted that the personnel participating in the U.S. Air Force Ranch Hands Study had lower serum TCDD concentrations (median 12.5 pg/g lipid, range 0-618 pg/g lipid) (27) (42) . In future studies, consideration should be given to including both techniques for assessing peripheral arterial disease.
In addition, the Ranch Hands Study found a significant association between current lipid-adjusted TCDD concentration and both medical record-verified hypertension (RR for a 2-fold increase in TCDD = 1.14; 95% CI = 1.02, 1.28) and presence of nonspecific ST-and T-wave changes on ECG (RR for a 2-fold increase in TCDD = 1.20; 95% CI = 1.03, 1.40) (27) . Several other cardiovascular outcomes examined in the Ranch Hands Study were found not to be associated with serum lipid-adjusted TCDD concentration. These included hypertension detected on examination, medical recordverified myocardial infarction, medical record-verified heart disease (not further specified), and other types of ECG abnormalities (excluding nonspecific ST-and T-wave changes). Beta, parameter estimate. SE, standard error; pack-year, smoking one pack of cigarettes daily for 1 year. &Includes those with self-reported and/or ECG diagnosis of the outcome. bincludes those meeting any of the three criteria:
self-reported hypertension, current systolic hypertension, or current diastolic hypertension. because of inconsistent findings for related outcomes.
No statistically significant associations were observed in any of the other crosssectional medical studies that reported cardiovascular outcomes (23) (24) (25) (26) . It should be noted that these other studies may have been limited by small sample size, and except for the study by Zober et al. (26) , lack of detailed exposure-response analyses. Among 204 male 2,4,5-trichlorophenoxyacetic acid (2,4,5,-T) production workers, Suskind and Hertzberg (23) found no increased risk for selfreported hypertension, self-reported coronary artery disease, ECG findings, or atherosclerotic changes (not specified) on chest X-ray. Similarly, when Moses et al. (24) examined 116 male 2,4,5-T production workers with chloracne and compared them with workers not affected by chloracne, she found no increased risk for selfreported angina or self-reported myocardial infarction and no difference in the physical examination of the cardiovascular system. Bond et al. (25) found no increased association with self-reported hypertension among 27 workers involved in the production ofTCP or among 87 workers involved in 2,4,5-T production. Finally, Zober et al. (26) did not find increased morbidity due to ischemic heart disease or other disorders of the circulatory system among 158 men who were exposed to TCDD after an uncontrolled decomposition reaction involving a TCP unit.
Cross-sectional medical studies may be less suitable for investigating severe or fatal disease such as cardiovascular disease because affected individuals often are not capable of participating in this type of study (43) . We considered this participation bias as a possible explanation for why our study and other cross-sectional medical studies did not find an association between TCDD exposure and cardiovascular disease morbidity. For this explanation to be true, one would expect to see elevated cardiovascular disease mortality among the cohorts studied. The plants studied by Suskind and Hertzberg (23), Moses et al. (24) , Bond et al. (25) , and the two plants described here were included in a large cohort mortality study of U.S. workers involved in the production of TCDD-contaminated substances (21) . This study by Fingerhut et al. (21) . did not find an elevated risk for heart disease mortality (ICD-9 codes 390-398, 402-404, 410-414, 420-429) (SMR= 0.96, 95% CI = 0.87-1.06), even among those with the highest durations of exposure (SMR= 0.87 among those with 15 or more years of exposure) (44) . Findings were similar for ischemic heart disease (ICD-9 codes 410-414) (SMR= 103) (44) . Among workers at the two plants we studied, the SMRs for heart disease and ischemic heart disease were 1.07 and 1.06, respectively (44) . These results suggest that participation bias may not be responsible for the findings in our study or in several other cross-sectional studies.
Furthermore, to assess the potential magnitude of participation bias in our study, a telephone interview was attempted with all the workers who would not consent to an examination, a 10% random sample of the referents who refused all participation, and all of the referents who provided lifetime occupational histories but refused to be examined. Of the 1 15 nonconsenting workers (excluding 2 who resided outside the United States and 2 who died between the first and this subsequent vital status determination) and 129 nonconsenting referents, 68 (57%) and 100 (78%), respectively, agreed to be interviewed by telephone. These individuals were asked questions similar to those asked in our medical study. The proportions of examined and nonconsenting workers reporting histories of myocardial infarction or angina were not statistically significantly different (Table 4) . Similar results were found for the referents (Table 5) . These results further suggest that participation bias may not be responsible for our study findings. We were unable to compare hypertension or cardiac arrhythmia because the questions asked about these conditions in the medical study differed from those asked in the telephone interview.
A possible limitation in this study is the low statistical power for examining some of the outcomes of interest. Although our study had sufficient power (80% or more) to detect a 1.5-fold elevation in risk for cardiac arrhythmias, hypertension, and APAF, our study had low power (approximately 50%) for detecting a similar elevation in risk for myocardial infarction and angina.
Although cross-sectional medical studies provide little evidence to support an association between TCDD exposure and cardiovascular disease, these studies have found associations with several risk factors for cardiovascular disease. Among the risk factors found to be associated with TCDD exposure were decreased HDL cholesterol serum concentrations (27, 29) , increased serum triglyceride concentrations (27) (28) (29) , and glucose intolerance (30) . There is some animal evidence to suggest that a TCDDinduced metabolic imbalance can lead to some of these risk factors. Enan et al. (45) found that TCDD-exposed guinea pigs have reduced glucose-transporting activity in the plasma membranes of adipose tissue and pancreas. In adipose tissue, reduced transmembrane glucose transport leads to suppressed lipoprotein lipase activity, and in the pancreas, to suppressed insulin production and release. These effects can lead to hypertriglyceridemia (lipoprotein lipase is responsible for metabolizing triglycerides absorbed from the gut) and glucose intolerance (insulin is needed for the metabolism of glucose), respectively, both of which are risk factors for cardiovascular disease. In (4, 46) . Because the origin and metabolism of HDL is not as well understood compared with that of other lipoproteins, the mechanism by which TCDD affects HDL metabolism cannot be determined at this time.
In conclusion, our study found that workers with high occupational TCDD exposure at least 15 years earlier, many of whom continued to have persistently elevated TCDD body burdens, had no significantly increased risk for any of the cardiovascular outcomes we investigated. Our findings are consistent with those of other cross-sectional medical studies of TCDDexposed individuals. Although several mortality studies of TCDD-exposed cohorts found an increased risk for cardiovascular disease mortality, other mortality studies did not have similar findings. The data available do not provide definitive conclusions but indicate that further examination of the association between TCDD exposure and cardiovascular disease should be pursued.
